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Introduction
Direct monitoring of extracellular L-glutamate levels in brain and brain slices with microsensors or related techniques, especially in combination with recording of field excitatory postsynaptic potential (fEPSPs), will be useful for investigating changes in the extracellular L-glutamate level associated with neuronal activities. Combination of electrophysiological and sensor techniques provides a useful, often essential information on the targeted neuronal events. Recordings of L-glutamate currents at electrochemical sensors have been reported by using different type of electrodes such as an excised patch technique [28, 23, 22, 20, 11, 37] , a whole-cell technique using astrocyte transporter currents [21, 12] , and an in vivo method using a dialysis electrode [13] . Enzyme-based sensors have also been extensively used for in vivo and in vitro monitoring of extracellular L-glutamate [7, 26, 35, 34, 39, 38, 32, 17, 33] . However, few studies have reported on the simultaneous recording of L-glutamate currents at an enzyme sensor and electrophysiological signals [13, 18, 16] .
An obstacle to monitoring extracellular L-glutamate level with an L-glutamate sensor in combination with recording EPSPs is that three electrodes, i.e., L-glutamate sensor, stimulation and recording electrodes, are necessary to be implanted in a target neuronal region. This configuration of the electrodes results in an electric junction between an L-glutamate sensor and a fEPSP circuit through an ion-conductive brain slice. As a consequence of the electric junction, an electrophysiological stimulation causes a noise current (non-Faradaic current) at the L-glutamate sensor [16] . Similar interference with field potentials was also reported for the measurements of astrocyte transporter currents in hippocampal slices with the whole cell-clamp method [12, 4] .
One approach to resolve the obstacle is to switch the circuit between the sensor recording and electrophysiological stimulation [24, 8, 3] . By switching the circuit, potential interference from the formation of electro junction is avoided. Alternative approach using low-frequency (2 Hz) stimulation is to sample a current after the stimulus-induced non-Faradaic current reduced virtually to zero and reconstruct a current-time curve that purely reflects a Faradaic current responding to L-glutamate concentration [16] . Of further interest is the use of high-frequency (tetanic) stimulation, for example 100 Hz, which is widely used to evoke activitydependent enhancement of synaptic transmission, referred to as long-term potentiation (LTP) [5, 36, 1] . For the case of electrophysiological high-frequency stimulation, stimulus of a high-frequency (100 Hz) train is usually delivered every 10 ms at an interval of [15] , in evoking an electric stimulation-induced LTP.
In the present study, we describe an approach for acquiring a Faradaic L-glutamate current from the recorded one with a lowfrequency sampling interval of 1 Hz under the high-frequency (100 Hz) stimulation. The usefulness of the present approach for monitoring of extracellular L-glutamate levels associated with tetanic (100 Hz) stimulation is demonstrated in region CA1 of hippocampal slices. 
Experimental

Reagents
Slice preparation
Adult male ddY mice (7-week-old) were killed by cervical dislocation, followed by decapitation. The brain was rapidly removed and placed into an oxygenated cold ACSF. Transverse hippocampal slices (thickness 400 lm) were cut using a McILWAIN tissue chopper (The Mickle Laboratory engineering Co. Ltd., UK) and immediately placed in a humidified and oxygenated interface chamber. The slices were maintained at 29°C, constantly perfused with oxygenated ACSF and left to incubate for at least one hour prior to experimentation. The flow rate of the oxygenated ACSF was 1.55 ml min À1 .
Preparation and calibration of a glass capillary sensor
A glass capillary-based enzyme sensor using recombinant GluOx was prepared as described in our previous paper [31] . A blank (GluOx-free) electrode was also prepared according to the did not affect the response of the L-glutamate sensor (Fig. S2 ).
Simultaneous measurements of L-glutamate currents and fEPSPs
Field EPSPs (fEPSPs) were evoked by constant current pulses of 40 ls duration (test stimuli) applied via monopolar stainless steel stimulating electrodes (0.010 mm, 5 MX, A-M systems, Inc, WA, USA) to Schaffer collateral/commissural fibers in stratum radiatum. Test stimuli were delivered at 0.052 Hz, originated from a Clampex 10.1 software (Axon Instruments, Burlingame, CA, USA). Evoked fEPSPs were recorded in the stratum radiatum of CA1 with an ACSF-filled single glass pipette (approximately 10-20 MX). Evoked potentials were filtered through a Neuro Log (Digitimer, Hertfordshire, UK) filter NL105/NL106 (LF-cut dc, HF-CUT 0.5 kHz), recorded using a Neuro Log model NL900D amplifier and stored on line using an Endeavor computer in which a pCLAMP software version 10.1 (Axon instruments) was installed.
Amperometric measurements were performed at 0 V vs. Ag-AgCl with a computer-controlled electroanalytical system Cypress Model CS-1200 (Cypress Systems, KA). The sampling interval of currents was 1 s (1 Hz) or 20 ms (50 Hz), depending on the purpose. Prior to implantation into hippocampal slices, a glass capillary sensor was operated in air at 0 V vs. Ag-AgCl until a steady current was obtained. Then, the electrode was positioned above the surface of a target neuronal region i.e., Cornu Ammonis 1 (CA1), between stimulation and recording electrodes. After confirming the presence of fEPSPs, the L-glutamate sensor was lowered into the target region of a slice and set at position between stimulation and recording electrodes at a depth of $100 lm with a manipulator. The sensor was kept in the slice under test stimulation of 0.052 Hz until a steady current was obtained. Then, simultaneous recordings of an amperometric current and fEPSPs were started at the same time. Before application of high-frequency stimulation, we applied 2 Hz stimulation for 2 min in order to know that the L-glutamate sensor was properly positioned in the slice. The appearance of the response at the L-glutamate sensor was a good indication of proper positioning.
LTP was evoked by high-frequency (100 Hz) stimulation consisted of 7 trains, each of 20 stimuli at 100 Hz, and inter-train interval of 3 s and the stimulation continued for 20 s.
Result and discussion
Recording of currents at an L-glutamate sensor during highfrequency stimulation
Recording an amperometric current at a glass capillary-based L-glutamate sensor under delivering high frequency (100 Hz) trains of electric stimuli (tetani) was investigated at region CA1 of hippocampal slices. As described in our previous paper [16] , a current vs. time trace at an L-glutamate sensor under delivering an electric stimulation needs to be analyzed with care about acquiring a Faradaic L-glutamate current, because delivering a single electric stimulus causes artifact and non-Faradaic currents at the underlying electrode of the sensor, which are superposed on a Faradaic L-glutamate current.
The high-frequency stimulation for 20 s consisted of 7 trains, each of 20 stimuli at 100 Hz and inter-train interval of 3 s (Fig. S3a) . The simultaneously recorded fEPSPs showed that this protocol can induce the persistent enhancement of fEPSP slops, i.e., LTP (Fig. S3b) . Fig. 1a shows another stimulation. When the stimulation was applied, the current started to increase, on which a sharp biphasic transient current was superimposed, responding to each high-frequency train. The trace was accompanied by an artifact current (a negatively shifted sharp current and a subsequent positively shifted one). The transient current returned promptly to the base level (not background level) in the inter-train interval of 3 s. Since each of 20 stimuli in a single train at 100 Hz stimulation was delivered at 10 ms intervals and the decay of a capacitive current at the underlying electrode of the L-glutamate sensor needed approximately 0.4 s (Fig. S4) , the appearance of a sharp transient current superposed on the base current was mainly due to non-Faradaic ones induced by each train of the stimulation rather than a Faradaic L-glutamate current. On the other hand, the gradual rise in the background current, hereafter called a basal current, is Faradaic ones that reflect a change in L-glutamate concentration (vide infra).
To demonstrate a current vs. time profile which would be observed if a current-sampling interval of 1 s is used, instantaneous currents were sampled at an interval of 1 s from the current trace (Fig. 1a) recorded at the sampling interval of 20 ms and then the sampled currents were plotted against time as shown in Fig. 1b . Although instantaneous large currents appeared occasionally, the current vs. time trace effectively represented a change in the basal current of the current vs. time trace shown in Fig. 1a . The appearance of capacitive currents at the sampling interval of 1 s was less frequent as compared with those at shorter sampling intervals (Fig. S5) . This suggests that the currents recorded with a sampling interval of 1 Hz can represent a change in the basal current. Fig. 1c shows an experimentally recorded current vs. time trace with a sampling interval of 1 Hz during 7 trains of the 100 Hz stimulation for the case of LTP induction. Although artifact currents appeared occasionally, the basal current gradually increased and it slowly reduced after the end of the last train of the stimulation, finally returning to the level before the onset of the stimulation. To be noted is that the current did not immediately return to the initial level even though the delivery of the last train ended (Fig. 1d) . Such a delay in the current decrease was commonly observed for repeated measurements (Fig. S6) . Since highfrequency stimuli-induced non-Faradaic currents are absent at the interval between the end of the last train and the start of next test stimulus, the current observed for this interval can be regarded as a Faradaic one that reflects an extracellular L-glutamate level.
Importantly, the magnitude of the Faradaic current sampled at a delay of 1 s after the last stimulation was almost the same level as that obtained by averaging the currents over the latter half of highfrequency stimulation period, except for occasionally observed artifact ones. The empirical observation indicates that the synchronization of timing of current acquisition at an interval of 1 s with that of each stimulus delivery rarely occurred, suggesting that the current sampling interval of 1 s effectively follows a change in the basal current observed at the inter-train interval of 3 s (Fig. S3a) . Although this explanation is based on an empirical finding, the result indicates that a current-sampling interval of 1 s is useful for extracting L-glutamate currents from raw currents recorded during the high-frequency stimulation.
The gradual rise in the basal current is ascribable to the accumulation of L-glutamate released by high-frequency stimulation either in a fluid pool formed by tissue injury in implanting the sensor [9, 10] or without tissue injury, while the delay of the current decrease is due to the slow neuronal re-uptake and wash out effect of L-glutamate from the pool.
Response of a GluOx-free electrode
To test whether thus-measured basal currents reflect an L-glutamate concentration, we investigated the responses of a blank (GluOx-free, Os polymer coated) electrode with a current sampling interval of 1 s. Fig. 2 shows a current vs. time trace at the blank electrode during high-frequency stimulation in region CA1. The slope of simultaneously recorded fEPSPs indicated the persistent enhancement of fEPSP slops, showing the induction of LTP (Fig. 2a) . However, the basal current observed after the end of the stimulation was very small or negligible, though an artifact or non-Faradaic current was often superposed on the current trace. The small change in the basal current is ascribable to the release of electroactive components other than L-glutamate by the highfrequency stimulation. The result demonstrates that a change in the basal current observed above at an L-glutamate electrode is due to L-glutamate released by high-frequency stimulation. [19, 25, 27] . As shown in Fig. 3 , in a Ca 2+ -free, high Mg 2+ ACSF containing EGTA (2 mM), no noticeable changes in the basal current were observed even if high-frequency stimulation was delivered, owing to the abolishment of L-glutamate release. This observation confirms again that the change in the basal current observed above is due to a change in the concentration of L-glutamate released by the high-frequency stimulation.
3.4. Evaluation of L-glutamate levels at 100 Hz stimulation Fig. 4a shows a current vs. time trace at an L-glutamate sensor during high-frequency (100 Hz) stimulation, together with fEPSP slopes. The stimulation intensity was 32 lA, corresponding to 40% of the maximum EPSP slope. The high-frequency stimulation was able to induce the persistent enhancement of fEPSPs, referred to as long-term potentiation (LTP). To correlate the observed current (Fig. 4c) to the concentration of L-glutamate, the response of the sensor was calibrated by injecting a standard L-glutamate solution to the close vicinity of the implanted sensor tip (Fig. S1) . The evaluation of L-glutamate level was based on the average current for the last 10 s of the stimulation, because the basal current gradually increased with time. The concentration of L-glutamate released by the high-frequency stimulation was 15 ± 6 lM (n = 8), which was similar to the reported one based on the measurement with a fluorescence probe at 100 Hz stimulation [30, 29] .
For the purpose of comparison, we performed the measurements of an L-glutamate current at the stimulation amplitude corresponding to approximately 20% of the maximum fEPSP slope (Fig. 4b) . This protocol mostly led to the case of no LTP induction even if 100 Hz stimulation for 20 s was applied. The L-glutamate level obtained for these cases (Fig. 4d ) was 4 ± 2 lM (n = 5), which was significantly lower as compared with that obtained by using 40% of the maximum slope (Fig. 4e) . The comparison of L-glutamate levels between both cases suggests that the initiation of LTP is related to the level of extracellular L-glutamate released by100 Hz stimulation and one can rationalize the stimulation of 40% of the maximum fEPSPs for the induction of LTP.
Effect of antagonists on release of L-glutamate
The simultaneous recording of L-glutamate currents and fEPSPs in the presence of antagonists are shown in of D-APV, the induction of LTP was not observed (Fig. 5a ). This observation is in accordance with the well-known fact that LTP at the Schaffer-commissural pathway is NMDA receptor-dependent [6] and LTP induction is blocked in the presence of a NMDA receptor inhibitor D-APV (50 lM) in an ACSF [14, 2] . The level of L-glutamate released by high-frequency stimulation in the presence of D-APV (10 lM) was 3 ± 1 lM (n = 5), showing that the release of L-glutamate was markedly suppressed by the presence of D-APV ( Fig. 5a and c) . The release of L-glutamate was almost completely suppressed by the coexistence of an AMPA receptor inhibitor CNQX (10 lM) (Fig. 5b and d ). These results demonstrate that the induction of LTP is not due to the nonspecific consequence of high-frequency stimulation, but it is associated with the level of L-glutamate released by the high-frequency stimulation. The magnitude of the glutamate current is affected by the position of the electrode in the slice and the area of the electrode surface. In our experiments, the geometrical area was able to be controlled within a small experimental error; however, the position of the electrode in the slice was determined through trial and error. Consequently, not a few variations in the L-glutamate concentration were observed as given above.
Conclusions
The real-time monitoring of an extracellular level of L-glutamate released by high frequency stimulation in region CA1 of hippocampal slices was successfully achieved with an L-glutamate sensor by using a current-sampling rate of 1 Hz. Simultaneously recorded fEPSPs showed that the induction of LTP is associated with the level of L-glutamate released by the tetanic stimulation. The release of L-glutamate was markedly affected by the presence of inhibitors, i.e., D-APV for NMDA receptor and CNQX for AMPA receptor, showing that the release of L-glutamate is receptordependent rather than nonspecific consequence of high-frequency stimulation.
Conflict of interest
Authors confirm that there are no conflicts of interest associated with this paper.
